We present an instrument based on Purkinje imaging that permits the objective measurement of the amount of scattering associated with the eye's anterior segment, avoiding the contribution from the retina. The experimental system records the fourth Purkinje image, and adequate processing is used to compute a parameter that quantifies the scattering. The method was first tested in an artificial eye and later in normal young eyes wearing customized contact lenses that induced different amounts of scatter. We were able to detect scattering increments, which indicates that this technique may be used as an objective tool to quantify the level of scattering in the anterior segment of the living human eye. The future use of this technique in clinical environments might help to estimate the level of corneal haze in eyes undergoing refractive surgery or/and scattering within the lens during cataract development.
Light scattering is a physical phenomenon inherent to light propagation that is due to the presence of optical inhomogeneities. In the particular case of the eye, beyond aberrations [1] , intraocular scattering is a major factor responsible for the decrease in optical performance. This reduces the contrast of the retinal images, and although it is low in young healthy eyes, it becomes more significant with age, corneal surgery, and some pathologies [2, 3] . It has been shown that corneal scattering (i.e., haze) [4] [5] [6] is one of the negative side effects in corneal refractive surgery. Most techniques used to estimate ocular scattering are subjective, requiring active participation of the subject and a careful understanding of the corresponding tasks [7] . However, some authors have reported objective approaches [8] [9] [10] [11] [12] . These provide information on the total ocular scatter, that is, the combined contributions coming from the different ocular components and the retinal reflection.
In this Letter we propose a method to separate out the contribution of the anterior segment of the eye (cornea and lens) from that of the retina to the overall scatter. It is based on the analysis of light reflected from the back surface of the lens (fourth Purkinje image [13] , P IV ) to assess a parameter of scattering (POS) to be used objectively as a tool to quantify different levels of scattering produced in the cornea and/or the lens. Figure 1 shows a schematic of the setup used to image P IV in both artificial and human eyes. A 633 nm collimated He-Ne laser beam passes an artificial pupil (AP) and goes through a removable neutral density filter (RNDF, with an optical density of 1) used to modify the intensity of the incoming beam according to two different experimental conditions. In the registration pathway, a photographic objective conjugates P IV with the plane of a CCD video camera. P IV was slightly defocused on purpose to increase the dynamic range. During image acquisition, subjects were asked to fixate using their nontested eye to a target positioned in a manner to direct the measured eye towards the camera axis. This made the illumination and the recording pathways approximately 40°apart in the horizontal plane and ensured P IV to be distant enough from both the (much brighter) first Purkinje image and the pupil edge (see Fig. 2 ). The exposure time was the same for all subjects and experimental conditions.
Series of P IV were consecutively recorded for two different experimental conditions: with and without the RNDF. For the former condition P IV was not saturated and was thought to capture the directional light. Its intensity was large enough to be well different from light coming from the surroundings. When the RNDF was removed from the illumination pathway, P IV was saturated. This enhanced the information of the tails of P IV , where the scattered portion of the light is located. All calculations were done using a purposely developed MATLAB (Mathworks, Inc.) script.
For each acquired image a square area centered on P IV was extracted (Fig. 2) . The averaged intensity radial profile centered on this Purkinje image was computed and normalized to 1. Once the radial profiles are known, the areas under the profiles are computed and named as kЈ គ nonsat and kЈ គ sat for the nonsaturated and saturated images, respectively. In particular, kЈ គ nonsat corresponded to the area under the radial profile of the image between 0 and 0.24 mm. For kЈ គ sat the range was the same, but excluding the saturated central pixels (i.e., those with a value of 1 in the normalized profile). POS was finally computed as
To estimate the sensitivity of our instrument, the procedure was first tested in an artificial eye (see Fig.  1 ). This consisted of a scatter-customized contact lens (CL) acting as the cornea, placed in front of a polymethyl methacrylate biconvex intraocular lens (IOL), acting as the lens. CLs are hard [rigid gas permeable (RGP)] lenses (null power) with a well-defined concentration of glass microspheres suspended in the RGP material and were manufactured by Menicon Ltd. (Nagoya, Japan) for the simulation of corneal scatter. The microspheres have a diameter ranging from 1 to 20 m to produce a narrow-angle forward scatter distribution similar to that of the cornea caused by relatively large structures such as keratocytes and protein depositions [14, 15] . Figure 3 shows a dark field photo of the CLs (CL#1 and CL#5) used here, where differences in the scattering produced can be observed.
Eight normal young eyes from different subjects were involved in the study and used as a control group. In a subgroup of 2 eyes (#7 and #8) the complete procedure was carried out. That is, nonsaturated and saturated P IV were acquired for those eyes wearing the two CLs. Since the unique difference is the amount of scatter introduced at the corneal plane by the CLs, this will allow us to determine that any significant change detected in the light intensity distribution of the image is due to the isolated effect of a variation in light scattering. As an example Fig. 4 shows four images corresponding to the two experimental conditions and the two CLs.
In Fig. 5 the values of POS for the 8 (naked) control eyes are depicted. We have also included the POS for the artificial eye with CL#1 as a reference. This plot shows that in normal control young eyes, the amount of scatter (measured as POS) at the anterior chamber is similar for all subjects. Finally, in Fig. 6 we have plotted the results for subjects #7 and #8 and the artificial eye. As a comparison we have also included the mean POS for the control eyes in Fig. 5 . Results show that in eyes wearing CL#5 the values of POS increase significantly: 16% and 23% for subjects #7 and #8, respectively. In these experimental conditions, the amount of corneal haze is the only difference, which means these changes found in the measured POS are strictly due to the contribution of this induced scatter.
For all eyes and within a CL, the values of kЈ គ sat were always larger that those of kЈ គ nonsat. However, when comparing both CLs, the values of kЈ for nonsaturated images were similar. On the other hand, for saturated images there are noticeable differences between both CLs. In particular, for the artificial eye kЈ គ sat for CL#5 was 34% higher than CL#1's.
The halo around P IV contains contributions of the scattering due to roughness of the posterior lens surface and the bulk scattering in both the cornea and the crystalline lens. Light scattered from structures near the P IV plane will contribute less to the peripheral halo around the image, as the scattered light will be almost in focus, coinciding with the directional image. For this reason, light scattered in the cornea results in a more peripheral halo than light scattered in the crystalline lens.
In summary, we have reported a technique to objectively extract the contribution of the ocular scattering coming from the cornea and the lens. This is based on a Purkinje imaging instrument. The procedure has successfully been tested in an artificial eye and in normal healthy eyes wearing scattercustomized CLs. Results show that the core of the image hardly changes when increasing scattering, but the intensity at the halos increases with the amount of induced scattering. The computed POS was sensitive enough to discriminate different induced levels of scattering at the anterior chamber.
In older eyes this technique may be an alternative to the current clinical subjective observations of changes of transparency in the ocular media, mainly associated with cataracts [16, 17] . The implementation of this technique in a clinical environment might help to quantify the amount of corneal haze following refractive surgery. This also will be useful in detecting an increase of scatter in (early) cataract eyes. An appropriate combination of this instrument with others providing the amount of total scatter could help in the diagnosis of some retinal pathologies associated with an unusual increase of retinal scattering. 
